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ABSTRACT 


Work  under  the  contract  has  provided  a  vapor  deposition  facility  for  the  generation  of 
thin  films  and  film  structures  (devices)  for  structural  and  electronic  applications. 

Efforts  have  been  expanded  into  the  actual  deposition  of  films  in  the  systems  AIN , 
(Al,  B)N ,  c-BN  (cubic  boron  nitride)  and  Si  -  Al  -  0  -  N. 

We  report  on  the  resultant  physical,  chemical,  materials  and  electronic  properties  and 
surface  characteristics  of  the  films.  In  certain  cases  multilayer  film  structures  have  been 
characterized  as  well. 

Device  applications  include  high  thermal  conductivity  electronic  substrates,  device  coat¬ 
ings,  energy  storage  capacitor  structures,  electron  emission  surfaces  (cold  cathodes)  and 
low-wear  high-strength  materials. 


1  Experimental  Equipment  and  Procedures 

1.1  Equipment 

An  Edwards  vacuum  coating  unit  (model  E306A),  was  used  for  the  initial  coating  tasks.  A 
base  chamber  pressure  of  about  8  xlO-6  torr  could  routinely  be  reached  with  the  rotary 
pump  station  coupled  to  a  diffusion  pump.  A  Varian  ratiomatic  ionization  gauge  is  used 
as  a  pressure  monitor,  along  with  thermocouple  type  gauges  and  a  Penning  gauge  for  the 
intermediate  vacuum  levels. 

An  MDX  type  DC  magnetron  drive,  110  W,  is  used  for  the  sputtering  from  metallic 
targets.  For  sputtering  from  an  insulator  target,  an  RF  10  (13.56  MHz)  RF  generator,  110W 
is  available.  The  front  surface  of  a  cold  cathode  holds  the  target  material  to  be  deposited. 
Substrates  are  placed  on  the  grounded  anode.  The  sputtering  chamber  is  back-filled  with 
inert  or  reactive  (sputtering)  gas,  at  various  pressures  around  0.1  torr.  A  plasma  is  generated 
in  the  gaseous  environment  between  the  electrodes. 

A  special  electronic  controller  monitors  the  flow  of  gas  and  thus  the  chamber  pressure. 
Pressure  can  be  adjusted  to  high  levels  of  precision  which  optimizes  the  system  for  stability, 
accuracy  and  response  to  transients.  A  quartz  crystal  thin  film  deposition  monitor  is  used  to 
determine  film  thickness  and  deposition  rate  by  the  well  established  “crystal  microbalance 
technique”.  It  requires  input  of  the  values  of  the  film  material’s  density  and  its  acoustic 
impedance.  An  in-house  fabricated  sample  stage  heated  the  various  substrates  to  300°C, 
while  a  commercial  unit  can  extend  the  temperature  range  to  800° C. 

The  magnetron  sputtering  system,  schematically  shown  in  Fig.  1  and  in  front  view  in 
Fig.  2,  had  the  substrate  holder  positioned  at  80°  to  the  chamber’s  axis.  The  mag¬ 
netron  source  to  substrate  distance  was  approximately  12  cm.  The  quartz  crystal  holder 
was  mounted  at  the  same  angle  as  the  substrate  and  at  the  same  distance  from  the  mag¬ 
netron  source.  At  this  distance  the  substrate  surface  is  completely  immersed  in  the  plasma 
but  is  well  removed  from  the  plasma  confinement  region  of  the  sputtering  source. 

1.2  Substrates  and  deposition  surfaces 

Film  substrates  require  a  suitable  combination  of  mechanical,  thermal,  chemical  and  electri¬ 
cal  properties  for  optimum  performance.  They  should  have  sufficient  mechanical  strength  to 
render  appropriate  support,  while  a  thermal  expansion  coefficient,  preferably  matching  that 
of  the  desired  film  and  a  high  thermal  conductivity,  are  also  important  prerequisites.  Good 
thermal  shock  resistance  is  important  as  well.  Electrical  properties  depend  on  the  desired 
type  of  application,  although  one  normally  aims  at  a  high  resistivity  and  a  reasonably  low 


Figure  1:  The  magnetron  sputtering  system  (schematic). 

dielectric  constant  for  multichip  module  (MCM)  applications.  The  chemistry  and  structure 
of  the  interface  should  yield  excellent  adhesion  without  causing  detrimental  chemical  reac¬ 
tions.  Based  on  the  above  criteria,  we  have  selected  polycrystalline  AI2O3,  MgO,  AIN  and 
single  crystal  Si ,  (001)  and  (111),  as  substrate  surfaces  in  all  our  thin  film  depositions. 

Surface  character  of  the  substrate  is  also  critical  particularly  in  epitaxial  thin  film  deposi¬ 
tion.  Thinner  films  are  more  sensitive  to  surface  irregularities  and  consequently  most  of  our 
substrates  were  lapped  and  polished  to  a  one  (1)  microinch  RMS  finish.  This  also  tended 
to  promote  adhesion  between  film  and  substrate.  We  have  analyzed  surface  character  with 
our  in-house  developed  optical  scattering  technique  -  digital  enhanced  scatterometry  (DES) 
-  which  is  capable  of  operating  on  -line  as  a  quality  control  tool  [1]. 

1.3  Film  deposition  rates 

We  have  carried  out  experiments  to  determine  film  deposition  rates  as  a  function  of  reaction 
gas  pressure,  the  most  influential  parameter,  as  well  as  deposition  power  and  chamber  pres¬ 
sure.  In  general,  deposition  rates  depend  on  the  sputtering  power,  gas  pressure,  substrate 
temperature  and  the  nature  of  the  target  material.  The  results  for  AIN  depositions  in  ni¬ 
trogen  gas  are  shown  in  Fig.  3.  Lower  gas  pressures  lead  to  substantially  higher  deposition 
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Figure  3:  Deposition  rate  as  a  function  of  gas  pressure  in  AIN  film  deposition. 

rates.  This  effect  is  likely  due  to  the  concomitant  higher  plasma  energies  and  a  lowered 
sputtered  atom-nitrogen  gas  molecule  collision  rate.  We  have  not  observed  critical  changes 
in  film  quality  or  surface  character  at  the  higher  deposition  rates. 

The  sputtering  power  was  found  to  be  proportional  to  the  deposition  rate  as  shown  in 
Fig.  4  for  sialon  films.  At  a  fixed  nitrogen  pressure,  here  1.7  xlO-2  torr,  the  rate  changes 
almost  linearly  from  0  to  4.5  nm/min  with  a  power  change  from  20  W  to  230  W.  At  a  power 
level  below  20  W,  the  deposition  rate  showed  a  negative  value  indicating  that  the  etching 
rate  was  higher  than  the  growth  rate. 

Another  example,  Fig.  5,  shows  the  dependence  of  the  growth  rate  on  chamber  pressure 
at  100  W  for  sialon  deposition.  The  rate  increases  exponentially  with  decreasing  chamber 
pressure.  The  longer  mean  free  path  of  the  particles  leads  to  a  decrease  in  particle  collisions 
in  the  carrier  gas.  A  plasma  could  not  be  maintained  at  pressures  below  3  xlO-3  torr  or 
above  1  x  10_1  torr.  The  gas  ions  are  too  few  and  have  too  low  an  energy  at  the  low  pressure 
end,  while  a  much  higher  particle  density  and  thus  very  high  collision  cross  sections,  cause 
the  disappearance  of  the  plasma  at  the  higher  pressures.  The  deposition  rate  studies,  Figs.  4- 
5,  were  carried  out  in  pure  nitrogen  to  obtain  minimum  values.  Experience  indicates  that 
mixed  gas  environments,  e.g.  Ar  and  A^,  can  readily  improve  deposition  rates  by  as  much 
as  an  order  of  magnitude. 


POWER  (W) 

Figure  4:  Deposition  rate  as  a  function  of  RF  power  for  sialon  type  films. 

1.4  Substrate  and  film  surface  character 

Whereas  the  ability  to  deposit  dense  (high  quality)  AIN  films  at  high  deposition  rates  (i.e. 
low  cost)  is  an  important  objective,  equal  importance  must  be  attached  to  the  type  of  surface 
characteristics  of  the  as-deposited  films.  Microscopic  and  SEM  investigations  of  all  of  our 
films  reveal  homogeneous,  very  smooth,  high  density  continuous  surfaces.  Examination  with 
our  digital  enhanced  scatterometer  (DES)  reveals  a  film  surface  character  that  in  most  cases 
is  enhanced  over  that  of  the  ultra  polished  substrates,  in  RMS  roughness,  asperity  slope  and 
average  surface  wavelength,  see  Fig.  6  and  Table  1.  The  ultrasmooth  surface  character  of 
microelectronic  grade  silicon,  Fig.  7,  clearly,  constitutes  “competition”,  but  only  as  a  result 
of  secondary  lapping  and  polishing  operations,  i.e  extra  processing  steps.  For  comparison 
purposes,  Fig.  8  shows  the  surface  character  of  various  substrates. 


Figure  5:  Deposition  rate  as  a  function  of  chamber  pressure  in  sialon  film 
deposition. 


Figure  6:  Scatterometry  spectra  of  as-deposited  polycrystalline  AIN  thin 
films,  A  -  632.8 nm. 
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TABLE  1 


Surface  Data  of  AIN  Films  and  Substrates 


Sample 

Roughness,  RMS, 

(A) 

Asperity  slope 

Surface  wavelength 

(A) 

AIN  Film-1214* 

174 

155 

7.1 

AIN  Film-1216* 

160 

129 

7.8 

AIN  Film-1228* 

223 

197 

7.1 

MgO 

Substrate 

349 

350 

6.3 

Ah  Oz 

Substrate 

300 

267 

7.1 

AIN 

Substrate  (Polished) 

289 

235 

7.7 

Silicon(OOl) 
Substrate  (Polished) 

82 

85 

6.1 

Silicon(lll) 
Substrate  (Polished) 

77 

79 

6.1 

*  On  polished  AIN  substrates 
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Figure  7:  Scatterometry  spectra  of  highly  polished  electronic  grade  silicon 
wafers  (substrates),  A  =  632. 8nm. 


Figure  8:  Scatterometry  spectra  comparing  various  polycrystalline  ceramic 
substrate  materials,  A  =  632. 8nm. 
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2  Aluminum  Nitride  (AIN)  Thin  Film  Depositions 

2.1  General 

Aluminum  Nitride  (AIN)  crystallizes  in  the  wurtzite  structure  with  lattice  constants  a  = 
3.114A  and  c  =  4.9792A  [2].  It  has  a  high  melting  point  and  high  electrical  resistivity.  It 
also  displays  an  excellent  thermal  conductivity  (150-230  Wm-1/C-1),  and  high  chemical  and 
nuclear  stability.  AIN  has  therefore  a  potential  for  use  in  optical  devices,  in  surface  wave 
devices,  as  a  material  for  electrically  insulating  and  passivating  layers  for  semiconductors 
and  in  thermal  management,  from  microelectronics  to  large  system  substrates. 

A  combination  of  attractive  physical  properties,  therefore,  makes  aluminum  nitride  (AIN) 
a  very  promising  material  for  device  development.  As  a  wide  direct  band  gap  dielectric  AIN 
is  thermally  and  chemically  stable,  and  has  a  high  electrical  resistivity.  In  thin  film  form 
it  has  proven  very  attractive  in  the  generation  and  detection  of  surface  and  bulk  acoustic 
waves  [3-5].  We  have  ourselves  pursued  the  possibility  of  using  AIN  as  a  device  encapsulant 
in  an  attempt  to  reduce  the  high  cost  of  packaging. 

Aluminum  nitride  films  have  been  prepared  by  a  variety  of  techniques [6,7]  such  as  sputter¬ 
ing,  molecular  beam  epitaxy  (MBE)  regular  and  plasma  enhanced  chemical  vapor  deposition 
(CVD),  pyrolitic  processes  and  plasma  chemical  reactions.  The  most  popular  reagents  have 
been  AICI3  and  NH3  with  substrate  temperatures  at  700  -  1300°C  in  RF  and  microwave 
energized  reactors.  The  coatings  are  generally  hard  and  rough  with  crystallinity,  growth 
behavior  and  surface  morphology,  strongly  dependent  on  growth  conditions.  Growth  rates 
of  1  //m/min  have  been  reported.  Translucent  AIN  [8]  has  been  obtained  by  a  sintering  pro¬ 
cess,  but  high  thermal  conductivity,  >  150  Wm-1K_1,  could  only  be  obtained  in  materials 
processed  with  sintering  aids  such  as  Ca(NOs)2  or  3 CaO  •  AI2O3.  The  higher  thermal  con¬ 
ductivity  materials  have  a  low  O2  content  (0.06wt%)  as  compared  to  the  lower  conductivity 
materials  (150Wm_1K_1)  with  an  O2  content  of  0.2%.  CVD  has  until  recently  been  the  most 
widely  employed  deposition  method.  It  is  said  to  permit  AIN  deposition  at  low  substrate 
temperatures  and  at  high  deposition  rates  [9-11].  It  is  also  felt  to  be  easy  to  control  and 
high  purity  AIN  can  be  obtained  by  this  method  [12]. 

We  can  report  the  CVD  growth  of  AIN  films  on  Si  substrates  at  moderate  temperatures 
(700  —  800°C)  in  the  pressure  range  100  -  650  torr  using  AICI3  and  NH3  as  the  source 
materials.*  The  layers  obtained  were  highly  oriented  and  uniform.  A  schematic  diagram 
of  the  main  features  of  the  CVD  apparatus  used  in  these  experiments  is  shown  in  Fig.  9. 

‘Cooperative  work  with  the  University  of  Missouri,  Columbia,  Nuclear  Engineering  Department,  1995- 
1996. 


9 


Figure  9:  CVD  equipment  (schematic) 

The  aluminum  chloride  is  maintained  at  150°C  to  provide  sufficient  vapor  pressure.  The  gas 
is  carried  into  the  reaction  tube  by  hydrogen  at  a  flow  rate  of  120  seem.  The  flow  rate  of 
ammonia  is  typically  80  seem  with  280  seem  for  hydrogen.  A  part  of  the  reaction  tube  was 
maintained  at  350° C  ,  using  resistance  heating,  to  avoid  condensation  of  ammonium  chloride 
and  aluminum  chloride-complexes.  The  overall  reaction  consists  of  a  range  of  aluminum 
chloride-ammonia  complexes,  and  the  ammonolysis  conversion  of  the  complex  into  AIN 
and  HCl.  Prior  to  growth,  the  p-type  Si  (100)  substrate  with  1-3  ohm-cm  resistivity,  was 
cleaned  with  trichloroethylene,  acetone,  methanol  and  de-ionized  water  in  an  ultrasonic  bath 
and  then  briefly  annealed  in  flowing  Hi  near  500°C  prior  to  growth.  About  40  samples  at 
three  different  experimental  conditions  were  prepared:  type  1  samples  of  ~  0.6/xm  thickness 
were  grown  in  15  minutes  with  the  reactor  chamber  pressure  at  650  torr  and  a  substrate 
temperature  of  700°C:  Type  2  samples  of  «  0.9//m  thickness  were  grown  in  45  minutes  with 
a  chamber  pressure  of  200  torr  and  a  substrate  temperature  of  700°  C  and  type  3  samples 
of  «  1/zm  thickness  were  grown  in  20  minutes  with  a  chamber  pressure  of  100  torr  and 
substrate  temperature  of  800°  C.  Both  type  1  and  type  3  samples  were  cooled  down  in  30 
minutes,  whereas  type  2  samples  were  cooled  down  in  5  minutes.  All  samples  appeared  to 
be  smooth  and  showed  good  interference  fringes  on  these  thin  (  «  1/im)  films. 

Although  several  methods  have  been  used  in  AIN  thin  film  preparation,  such  as  chemi¬ 
cal  vapor  deposition  (CVD)[13-15],  reactive  molecular  beam  epitaxy  (MBE)  [16]  and  reac¬ 
tive  sputtering  [17-20],  the  various  DC  and  RF  diode  sputtering  methods,  have  been  more 


commonly  used  [21-23]  of  late  and  appear  to  be  gaining  favor  in  electronic  manufacturing 
applications.  Recently  Lee  et  al.  [24]  reported  RF  -  magnetron  -  sputtering  of  AIN  thin 
films  onto  glass  substrates  in  argon  /  nitrogen  gas  mixtures  containing  25-75%  nitrogen  at 
temperatures  below  150°(7.  The  c-axis  orientation  of  their  AIN  films  changed  from  a  paral¬ 
lel  to  a  normal  to  the  substrate  orientation  with  a  decrease  in  the  sputtering  pressure  and 
an  increase  in  the  nitrogen  concentration.  Cross-sections  of  the  AIN  films  (SEM)  clearly 
showed  a  columnar  growth  structure.  The  grain  size  at  the  film  surface  increased  with  an 
increase  in  the  sputtering  pressure  and  a  decrease  in  the  nitrogen  concentration.  The  exact 
surface  morphology  is  important  in  certain  applications  such  as  in  piezoelectric  substrate 
applications  in  which  rough  surfaces  show  a  large  transmission  loss. 

Penza  et  al.  have  also  reported  on  the  deposition  of  AIN  films  by  RF  reactive  planar 
magnetron  sputtering  [25].  Their  oriented  polycrystalline  AIN  films  were  deposited  at  rates 
in  the  range  (0.2  -  0.56)  ,/um/h  with  an  N^/Ar  gas  flow  ratio  of  1:1.  They  reported 
structural,  compositional  and  morphological  characterization  using  X-ray  diffraction  (XRD), 
X-ray  photoelectron  spectroscopy  (XPS),  scanning  electron  microscopy  (SEM)  and  atomic 
force  microscopy  (AFM). 

Morito  Akiyamaet  al.,  [26]  reported  on  the  influence  of  substrate  temperature  on  physical 
structure  of  AIN  thin  films,  deposited  on  polycrystalline  MoSii  by  RF  magnetron  sputtering. 
The  orientation  and  crystallinity  of  the  polycrystalline  hexagonal  AIN  thin  films  synthesized 
at  300° C  were  considered  the  best  of  those  prepared  in  the  temperature  range  (50  —  500)° C. 

A  variety  of  substrates,  including  sapphire  [9,27],  a  —  SiC  [11,28],  quartz  [29]  and  others 
have  been  used  for  the  growth  of  AIN  films.  Single  crystal  a  —  SiC  is  an  ideal  substrate 
for  the  epitaxial  growth  of  AIN  films,  having  the  same  structure,  nearly  the  same  lattice 
constant  (basal  plane),  and  the  same  coefficient  of  thermal  expansion  (CTE)  [30].  Silicon  also 
has  nearly  the  same  CTE  as  AIN  and  has  been  used  for  AIN  film  growth  [11,28].  Epitaxial 
AIN  has  been  grown  by  the  CVD  method  [28]  on  limited  areas  of  Si,  having  an  orientation 
relationship  of  AIN  (0001)  onto  Si  (111)  in  the  temperature  range  1100  —  1300°C  using 
AlCh  and  NH3. 

We  have  initiated  research  on  the  thin  film  deposition  of  AIN  onto  substrates  different 
from  those  most  commonly  used  so  far,  specifically,  MgO,  AI2O3  and  AIN,  in  addition  to 
Si  (100).  The  initial  results  on  the  sputter  deposition  of  BN  films,  using  low  electrical 
conductivity  hexagonal  boron  nitride  ( h  —  BN)  and  boron  targets  are  also  presented  and 
discussed  here. 

Boron  nitride  (BN)  thin  films  have  attracted  a  great  deal  of  interest  in  recent  years 
not  only  for  their  enhanced  mechanical,  electronic  and  optical  properties  but  also  for  the 
possibility  of  obtaining  (Al,  B)N  solid  solution  films.  Several  research  groups  have  prepared 


cubic  boron  nitride  (c  —  BN)  films  using  different  methods,  e.g.  plasma  CVD  [31],  electron 
cyclotron  resonance  plasma  processes  [32]  and  various  PVD  techniques  like  ion  plating  [33], 
ion  beam  assisted  deposition  [34]  and  sputtering  [35,36],  (see  further  chapter  3,  “Deposition 
of  Boron  Nitride  (i BN)  Films”). 

Whereas  a  considerable  amount  of  work  has  been  expended  on  AIN  film  and  device 
development,  some  very  important  challenges  remain.  Large  area,  high  quality  single  crystal 
films,  have  not  yet  been  consistently  obtained.  Cracking,  due  to  differences  in  the  coefficients 
of  expansion  between  AIN  and  the  substrates,  may  demand  the  development  of  intermediate 
or  graduated  layers  such  as  are  likely  to  result  from  our  research  in  the  Al  —  B  —  N  system. 
Doping  of  both  n  and  p-type  has  been  accomplished,  but  not  consistently  and  results  from 
group  to  group  show  problems  with  repeatability.  Furthermore,  reliable  data  on  majority 
carrier  mobilities  are  not  yet  available.  Ohmic  contacts  also  need  further  development.  It 
appears  likely,  however,  that  electronic  applications,  including  opto-electronic  applications 
(AIN  has  a  direct  band  gap)  will  be  accomplished  in  the  near  future. 

Poly  crystalline  and  amorphous  AIN  thin  films  have  been  fabricated  by  us  on  MgO , 
AI2O3,  Si  and  AIN  substrates  to  average  thicknesses  from  0.5  to  7  pm,  primarily  by  DC 
reactive  sputtering  from  an  Al  target  in  N2  atmospheres.  All  substrates  were  polycrystalline, 
except  for  the  (111)  and  (001)  silicon  single  crystal  substrates.  A  positive  voltage  was  applied 
to  the  target,  while  the  substrates  were  attached  to  an  electrically  grounded  anode.  Input 
power  was  varied  between  300  and  500W.  The  nitrogen  flow  was  adjusted  relative  to  pressure 
changes  between  0.001  and  0.005  torr.  When  the  substrates  were  not  intentionally  heated, 
their  temperature  reached  85°C  on  the  average  and  the  films  were  amorphous.  Crystalline 
films  could  be  generated  with  heated  substrate  temperatures  as  low  as  250°C. 

The  microstructures  of  the  as-deposited  AIN  and  BN  films  were  examined  by  scanning 
electron  microscopy  (SEM).  Crystallinity  of  these  films  was  verified  by  X-ray  diffractometry. 

2.2  Experimental  results  -  AIN  films 

2.2.1  Amorphous  films 

Fig.  10  shows  what  is  typical  for  our  low  temperature  reactively  sputtered  AIN  depositions 
on  AI2O3.  A  very  dense,  approximately  7  pm  thick  film  appears  to  be  tightly  adhering  to  the 
substrate.  AIN  films  on  highly  polished  AIN  substrates  have  much  finer  surface  structures, 
Fig.  11,  while  just  the  opposite  is  the  case  with  coarse  MgO  substrates.  The  film  surface 
appears  to  “copy”  or  “mimmick”  the  substrate  character,  see  e.g.,  Figs.  10  and  11.  Whereas, 
in  the  very  earliest  attempts,  the  films  displayed  a  variety  of  colors  from  blackish  brown  (high 
Al  concentration)  to  transparent  (stoichiometric),  most  of  our  present  films  are  transparent. 


Figure  11:  AIN  film  on  a  polished  AIN  substrate. 
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This  is  manifested  by  the  visibility  of  the  underlying  substrate  structure  and  the  formation 
of  interference  bands  at  the  films’  edges  due  to  retardation  effects.  In  some  cases  up  to  seven 
spectral  orders  could  be  observed,  forming  a  sensitive  way  to  gauge  minimum  thickness  of 
the  as-deposited  films. 

The  thicker  transparent  films  also  displayed  a  variety  of  “bulk”  colors,  probably  due  to 
excess  N  atoms  from  the  implanted  A^+  and  N+ 2  ions  which  in  turn  induce  defects  creating 
localized  states  in  the  band  gap  of  AIN  [37].  The  microstructure  of  the  films  deposited  on 
relatively  coarse  substrates  is  columnar.  On  the  other  hand,  AIN  films  deposited  on  highly 
polished  AIN  substrates,  (Fig.  11)  or  on  the  Si  substrates,  display  a  highly  dense  structure 
without  any  sign  of  a  “columnar  morphology”,  at  least  up  to  a  30,000  magnification. 

Treatment  after  film  deposition  was  found  to  be  very  critical.  Normal  procedure  involves 
leaving  the  coated  substrate  in  the  vacuum  environment  overnight,  allowing  for  very  slow 
cooling  and  strain  adjustment.  If,  however,  the  substrate  is  removed  from  the  chamber  imme¬ 
diately  after  deposition,  residual  strain  and  thermal  shock  leads  to  catastrophic  destruction 
and  break  up  of  the  surface,  see  e.g.,  Fig.  12.  Note  the  highly  deformed  state  of  these  very 
thin  (jim  or  less)  ceramic  films.  When  not  subjected  to  such  a  severe  shock,  we  have  only 
occasionally  observed  much  less  severe  localized  cracking  or  spalling. 

The  film  deposition  rate  in  100%  iV2,  could  be  increased  by  decreasing  the  gas  pressure 
(constant  discharge  current  of  0.3A).  Deposition  rates  of  0.3/um/h  were  obtained  at  0.048 
torr  and  0.08  fxm/h.  at  0.0698  torr.  Order  of  magnitude  improvements  are  possible  with  gas 
mixtures,  e.g.,  50%  argon  and  50%  nitrogen. 

2.2.2  Crystalline  films 

Transparent  polycrystalline  AIN  thin  films  have  been  successfully  deposited  on  variously 
heated  substrates.  Crystallinity  could  be  maintained  at  substrate  temperatures  as  low  as 
250°C.  A  partial  X-ray  diffraction  pattern  for  an  AIN  film  on  silicon  generated  at  250°C  is 
shown  in  Fig.  13.  The  20=33°  peak  can  be  indexed  to  hexagonal  AIN  (002).  Akiyama  et 
al.  [38]  produced  X-ray  diffraction  rocking  curves  of  the  (002)  AIN  peak  at  various  substrate 
temperatures  between  200°C  (20  ~  30°)  and  300°C  (20  ~  38°).  It  will  be  noted  that  the 
main  diffraction  peak  of  our  deposits,  at  250°C,  falls  at  an  intermediate  20  value.  It  can 
therefore  be  stated  that  crystalline  films  of  AIN  can  be  obtained  at  substrate  temperatures 
as  low  as  250°  and  that  the  main  X-ray  peak  positions  depend  on  substrate  temperature. 
The  higher  the  temperature,  the  higher  the  20  value  for  the  (002)  peak. 
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Figure  13:  Partial  diffraction  pattern  of  an  AIN  film 
deposited  on  a  silicon  substrate. 
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3  Deposition  of  Boron  Nitride  (BN)  Films 

3.1  General 

The  first  attempts  at  low  pressure  nonequilibrium  deposition  of  BN  films  were  apparently 
carried  out  by  Sokolowski  [39]  from  a  reactive  pulse  plasma  crystallization  technique,  in  which 
a  discharge  between  B  and  Cu  electrodes  in  an  N2  —  H2  atmosphere  resulted  in  h  —  BN  as 
the  primary  phase.  Weissmantel  et  al.  [40],  used  N2  ion  beams  impinging  on  evaporated  B  - 
targets  along  with  a  borazine  (B3N3H6)  precursor.  Their  results  are  described  as  amorphous 
films  with  5  -  20  micrometers  c—BN  crystallites.  The  term  ”i  —  BN ”  was  used.  Shanfield  and 
Wolfson  [41]  accelerated  (100  eV)  borazine  plasma  ions  onto  substrates.  X-ray  diffraction 
showed  c  —  BN  peaks.  Evaporation  of  boric  acid  (H3BO3)  in  a  NH3  plasma  by  Chopra  et 
al.  [42]  led  to  the  detection  of  the  product  as  zincblende  c  —  BN  polycrystalline  films.  The 
presence  of  argon  in  the  N-plasma,  Inagawa  et  al.  [43],  as  well  as  RF  heating  (up  to  600V) 
of  the  substrates,  promoted  the  formation  of  virtually  100%  c  —  BN  films.  The  BN  films, 
about  1000  A  thick,  were  formed  at  a  deposition  rate  of  0.05  /im/min.  The  microhardness 
of  the  100%  c  —  BN  film  was  estimated  as  4000  kg/ mm2,  a  value  anticipated  for  c  —  BN. 
Wiggins  et  al.  [44]  have  produced  their  (1  /im)  BN  films  through  RF  diode  sputtering. 
Nitrogen  gas  contents  less  than  25%  led  to  deposits  high  in  B.  Films  grown  in  pure  Ar  were 
non-stoichiometric  ( B/N  >  5.1)  while  higher  N2  contents  led  to  near  stoichiometric  BN. 
Film  color  changed  from  deep  brown  (0%iV2  -  100%  Ar)  via  pale  yellow  and  subsequently 
to  colorless,  at  higher  (>  25%)  N2  content.  The  bandgap  value  of  the  films  ranged  from 
3.3  eV  (100%  Ar)  to  an  average  of  5.5  eV  (100%  N2).  The  bandgap  variation  could  be 
correlated  with  excess  B  content.  Arya  and  D’Amico  [45]  wrote  a  review  paper  in  1988  on 
the  preparation  and  application  of  BN  films  involving  chemical  deposition  (CVD,  LPCVD 
and  PECVD),  sputtering  and  various  activated  (reactive,  electron  beam)  evaporation  and  ion 
beam  deposition  techniques.  Deposition  temperatures,  for  various  reactant  systems,  ranged 
from  250  to  1250°  C.  The  structure  of  the  films  was  mainly  amorphous  or  polycrystalline 
(hexagonal  or  cubic)  variable  with  specific  process  parameters  and  with  densities  falling 
between  1.7  and  2.1  g /cm3.  It  was  possible  to  grow  stoichiometric  BN.  Ion  beam  deposition 
leads  to  oxygen  impurities  while  the  pulsed  plasma  methods  show  microinclusions  of  B2Oz 
and  boron.  Presence  of  B  and  02  leads  to  moisture  sensitivity  ( B2Oz  +  3 H20  — *  2H3BO3). 
Otherwise,  the  BN  films  are  chemically  stable  (except  hot  phosphoric  acid),  are  hard  (4400 
kg /mm2)  and  adhere  satisfactorily  to  most  of  the  investigated  substrates  (glass,  Al203,  Si02 
etc.).  Their  closing  remark,  to  the  effect  that  low  cost  BN  coatings  need  improvements  in 
the  overall  deposition  techniques,  holds  at  the  time  of  this  writing  as  much  as  it  did  then 


(1988).  McKenzie  and  co-workers  [46]  reported  on  cubic  boron  nitride  thin  films  prepared  at 
the  Nippon  Institute  of  Technology  by  a  reactive  ion  plating  technique.  Boron  is  evaporated 
in  argon  and  nitrogen  gas  with  ionization  assisted  by  a  tungsten  filament,  while  a  magnetic 
field  is  applied  to  a  volume  ahead  of  the  Si  substrate  which  itself  was  radio  frequency  biased 
and  held  at  a  temperature  of  250°C.  The  BN  films,  in  strong  biaxial  compressive  stress  (4 
GPa),  apparently  altered  their  structure  to  a  higher  degree  of  crystallinity  in  time,  with  the 
formation  of  20  nm  diameter  crystallites  which  could  be  indexed  as  c  —  BN.  The  authors 
point  to  the  difficulty  of  interpreting  the  structure  of  BN  films  from  diffraction  patterns  only, 
because  of  the  almost  perfect  coincidence  of  certain  principal  diffraction  features  of  c  —  BN 
and  h  —  BN.  In  analogy  to  a  recent  proposal  [47]  that  compressive  strain  is  a  factor  in 
promoting  sp3  bonding  in  amorphous  carbon  films  and  that  this  stress  component  may  place 
the  growth  conditions  above  the  Berman  -  Simon  line  (diamond  P  -  T  equilibrium  boundary) 
i.e.  in  the  area  where  diamond  is  stable,  one  might  anticipate  that  similar  conditions  in  BN 
films  should  also  promote  formation  of  sp3  bonding.  Bath  et  al.  [48]  have  developed  a 
low  temperature  plasma  enhanced  chemical  vapor  deposition  technique  for  the  deposition 
of  boron  nitride  and  InP  from  a  borate-dimethylamine  [BDMA,  BH3NH(C  H3)2]  source 
containing  both  boron  and  nitrogen.  The  dielectric  layers  were  essentially  amorphous  or 
polycrystalline  h  —  BN  films  with  oxygen  and  carbon  contamination,  the  latter  originating 
from  the  organometallic  precursor.  The  resistivity  of  the  layers  was  nevertheless  better 
than  1013  ft  •  cm.  Komatsu  and  coworkers  [49],  in  a  paper  published  in  December  of  1991 
remarked  that  “...there  has  been  no  report  on  the  growth  of  c  —  BN  from  the  vapor  phase 
where  crystallinity  is  comparable  to  the  CVD  diamond.”  They  tried  to  satisfy  the  conditions 
of  thermochemical  stability  and  the  kinetics  of  the  surface  process,  as  the  two  prerequisites 
for  nucleation  and  subsequent  growth  for  CVD  growth  of  c  —  BN ,  by  employing  a  BCl3 
+  NHz  +  Ar  plasma  in  an  conductively  coupled  plasma.  The  silicon  substrate  surface,  at 
temperatures  of  500  -  900°C,  was  additionally  irradiated  by  a  U.V.  laser  (193  nm  ).  Although 
they  did  not  obtain  single  phase  polycrystalline  films,  the  c  —  BN  and  h  —  BN  parts  ranked 
highest  in  crystallinity  as  revealed  by  transmission  electron  diffraction.  The  simultaneous 
use  of  activated  plasma  and  surface  process  activation  along  with  the  presence  of  atomic 
chlorine,  yielded  the  favorable  results.  In  a  slightly  earlier  companion  article  Komatsu  et  al. 
[50]  refer  to  the  formation  of  individual  micron  size  particles  deposited  in  a  circular  fashion 
around  the  periphery  of  their  substrates.  The  particles  did  not  form  without  laser  excitation 
of  the  substrates.  From  evidence  of  Auger  electron  spectroscopy,  which  indicated  a  BN 
composition  and  the  morphological  appearance  of  the  particles,  the  product  was  considered 
to  be  c  —  BN.  Doll  and  coworkers  [51]  have  applied  a  “physical  vapor  deposition”  method, 
namely  laser  ablation  of  a  BN  target  in  N2  atmospheres  and  have  succeeded  in  generating 


several  hundred  nanometer  thick  c—  BN  thin  films,  heteroepitaxially  onto  Si  (100)  targets. 
The  films  produced  by  the  pulsed-excimer-laser  ablation  technique  showed  no  evidence  of 
faceted  or  granular  morphology.  The  only  disturbance  of  the  surface  character  resulted  from 
micron  and  submicron  features  which  are  thought  to  be  molten  boron  or  h  —  BN  fragments 
from  the  target.  The  lattice  constant  value  of  3.615  A  is  in  excellent  agreement  with  that 
for  bulk  c  —  BN.  Sokolowska  and  Olszyna  [52]  investigated  the  influence  of  electrons,  field 
emitted  from  a  tungsten  tip  to  potentials  up  to  12  kV,  on  the  crystallization  of  c—BN.  Up  to 
a  3  kV  potential  only  h  —  BN  formed.  At  higher  potentials  E  —  BN ,  discovered  by  Batsanov 
et  al.  [53]  and  considered  an  intermediate  phase  between  w  —  BN  (wurzite  structure)  and 
c  —  BN ,  resulted.  The  high  temperature  -  high  pressure  (HPHT)  synthesis  of  c  —  BN  from 
h  —  BN  and  flux  precursor  (“catalyst”)  mixtures,  has  been  well  known  and  highly  refined 
since  the  original  discovery  of  this  diamond  structure  analog  of  BN  by  Wentorf[54]  in  1957. 
A  recent  review  by  Vel  and  coworkers  [55],  covers  this  topic  very  well  and  is  therefore  not 
elaborated  on  here.  HPHT  c—BN  is  so  far  the  only  form  from  which  actual  device  structures 
have  been  generated.  The  first  patented  passive  devices  were  developed  by  Gielisse  and  Dozer 
[56].  More  recently  Mishima  et  al.  [57]  have  grown  beryllium  doped  crystals  over  57-doped 
c—BN  in  solvent  -  assisted  systems  at  55  kbar  and  2075  K.  A  p-n  junction  diode  was  achieved 
[58]  from  the  growth  product  and  proved  functional  up  to  650°  C.  With  the  ability  to  grow 
smooth  epitaxial  films  of  c  —  BN  and  the  proven  ability  to  generate  both  types  of  activity 
in  c  —  BN  via  doping  during  growth  or  implantation  techniques,  the  generation  of  active, 
discrete  or  integrated  devices  should  be  realized  in  the  near  future.  Similar  developments 
in  the  diamond  system  -  no  n-type  doping  process  is  known  as  yet  -  are  not  anticipated  to 
be  forthcoming  at  the  same  rate.  HPHT  synthesis  while  possible  in  principle,  cannot  be  the 
system  of  choice  for  low  cost  mass  -  produced  devices,  certainly  not  in  integrated  structures. 
Further  work  on  BN  films  finds  its  justification  in  the  rationale  presented  above  and  in  the 
many  applications  awaiting  implementation. 

3.2  Experimental  details 

Deposition  of  BN  films  was  conducted  using  solid  h  —  BN  targets  in  argon,  nitrogen  and 
mixed  argon-nitrogen  environments.  Whereas  the  deposition  pressures  and  voltages  changed 
somewhat  with  the  choice  of  the  specific  gas  composition,  most  runs  were  made  at  around 
1.7  xlO-2  torr  and  200  W.  The  films  were  deposited  on  polished  silicon  (001)  and  on  AIN , 
AI2O3  and  Ni,  all  with  and  without  (low  temperature)  substrate  heating. 

The  magnetron  source  -  to  -  substrate  distance  was  kept  at  approximately  3  cm.  At  this 
distance  the  substrate  surface  is  completely  immersed  in  the  plasma.  During  growth  the 
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Figure  14:  Interface  of  an  as-deposited  BN  thin  film  on  a 
superpolished  AIN  surface,  SEM  photograph. 

chamber  pressure  was  8.0  x  10-3torr  using  a  high  purity  50%  Ar  and  50%  N2  atmosphere. 
Hexagonal  boron  nitride  ( h  —  BN)  or  boron  ( B )  targets  were  used.  Due  to  the  low  electrical 
conductivities  of  h  —  BN  and  B ,  sputter  deposition  of  BN  films  required  radio  frequency 
(RF)  power  at  the  target  electrodes,  with  the  power  fixed  at  105  W.  The  reflected  power 
tended  to  be  about  5W  and  our  growth  rate  was  approximately  4  nm  per  hour. 

Figs.  14  and  15  show  SEM  micrographs  of  amorphous  BN  thin  films  on  superpolished 
AIN  and  on  finely  ground  AIN  substrates.  The  thin  film-substrate  interfacial  structures 
appear  very  different. 

3.3  Experimental  results 

3.3.1  BN  targets  -  Si  substrates 

The  first  films  resulting  from  the  low  temperature  PVD  deposition  from  h  —  BN  targets 
onto  silicon  substrates,  yielded  thick  (about  3  //m),  transparent,  clean  and  smooth  films. 
Some  cracking  and  fracturing  was  observed  from  time  to  time  in  the  center  portion  of  the 
deposits.  It  is  known  that  boron  nitride,  in  both  massive  and  thin  film  form,  is  slowly 
attacked  by  water  vapor  [59].  Thus  there  were  grounds  for  concern  about  BN  film  stability 
with  prolonged  exposure  to  the  atmosphere. 

Whereas  initial  microscopic  evaluation  indicated  very  smooth  essentially  featureless  films, 
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Figure  15:  SEM  photograph  of  the  interface  of  an  as-deposited 
BN  thin  film  on  ground  AIN  surface. 


reexamination  showed  distinct  surface  perturbations  over  the  entire  film  area.  In  time,  with 
exposure  to  laboratory  air,  it  became  clear  that  crystallites  had  been  nucleated  and  were  in 
effect  growing  out  of  the  surface  at  a  high  rate.  This  reaction  product  was  transparent,  very 
delicate  and  thin  in  cross-section  giving  the  appearance  of  “butterfly  wings”,  see  Fig.  16. 
X-ray  diffraction  identified  the  reaction  product  as  H3BO3. 

Similar  depositions  with  substrate  heating  between  275°  and  300°C,  yielded  only  amor¬ 
phous  films.  The  formation  of  the  “butterfly  wings”  was  noticed  in  only  one  case  and  then 
only  to  a  minor  extent,  at  these  higher  substrate  temperatures. 


We  believe  that  PVD  using  h-BN  targets  and  low  temperature  silicon  substrates,  results 
in  amorphous  h  -  BN  films  which  are  rich  in  free  boron  and  thus  highly  reactive  in  moist 
air  environments.  With  heated  substrates,  the  film  is  primarily  stoichiometric  or  in  any  case 
(more)  stable  to  atmospheric  corrosion.  Substrate  temperatures  above  300°C  are  necessary 
to  fully  stabilize  the  surface. 


3.3.2  BN  targets  -  AIN  substrates 

In  contrast  to  similar  depositions  on  Si  (section  3.3.1)  which  proved  to  be  essentially  amor¬ 
phous,  the  films  grown  on  polished  AIN  at  275  -  300°,  yielded  highly  crystalline  films.  Some 
twelve  X-ray  diffraction  peaks,  see  Table  2,  have  currently  defied  unambiguous  phase  iden¬ 
tification.  Several  of  the  h-BN  peaks  are  present.  The  films  seem  stable  in  laboratory 
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Figure  16:  Post  deposition  nucleation  of  the  H3BO3  reaction 
product  on  low-temperature  BN  films  generated  on  silicon  substrates. 

air.  They  did  not  form  any  microscopically  observable  reaction  products.  Initial  X-ray 
diffractometry  showed  many  distinct  diffraction  peaks,  indicating  the  presence  of  crystalline 
material.  Neither  c  —  BN  nor  hexagonal  BN  appeared  to  be  the  predominant  phases.  There 
was  reason  to  believe  that  the  deposit  was  orthorhombic  BN,  a  product  of  shock  wave  com¬ 
pression  synthesis  of  hexagene,  originally  reported  by  Batsanov  et  al.,  in  1965  [53].  Two  of 
its  50%  intensity  lines  were,  however,  not  clearly  evident.  The  possibility  of  Si  —  B  —  N 
or  Si  —  0  —  B  —  N  reaction  products  as  well  as  off-stoichiometry  BN  alteration  products, 
resulting  from  impurities  in  the  “binder  phase”  of  the  polycrystalline  BN  target  material, 
also  could  not  be  supported.  The  exact  composition  of  the  new  phase(s)  has  not  yet  been 
determined. 

The  diffraction  measurements  were  carried  out  with  a  copper  anode  source  ( CuKa ,  A  = 
1.54  A).  Fig.  17  shows  a  typical  scan.  A  peak  at  20  =  26.76  is  consistent  with  the  (002) 
reflection  of  h  —  BN  with  a  lattice  constant  of  3.328  A.  The  value  of  the  lattice  constant 
agrees  with  the  generally  accepted  value.  This  also  indicates  that  the  film  is  essentially 
unstrained.  The  diffractions  from  other  major  peaks  of  h  —  BN  such  as  (100)  (20=41.657, 
d=2.168A)  and  (101)  (20=  43.8,  d=1.83A)  are  also  present. 

The  d  values  of  BN  films  are  slightly  different  from  the  standard  d  values  in  the  ASTM 
files,  i.e.  d=  2.168  A  for  (100)  and  d=  1.83Afor  (101).  This  could  result  from  a  departure 
from  the  stoichiometric  BN  composition.  The  inclusion  of  impurities  such  as  oxygen  and  an 
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TABLE  2 


X-Ray  Diffraction  Data  from  Films 
Generated  with  h-BN  Targets  onto  AIN  Substrates 


Line  number 

29 

(degree) 

Intensity* 

(%) 

Identification 

(preliminary) 

1 

23.95 

67 

2 

26.76 

50 

h-BN 

3 

30.58 

8 

4 

34.21 

100 

5 

41.73 

37 

h-BN 

6 

42.58 

33 

7 

43.87 

31 

h-BN 

8 

49.05 

62 

9 

50.15 

35 

h-BN 

10 

55.17 

29 

h-BN 

11 

56.16 

40 

12 

61.53 

35 

*  Estimated  and  relative  to  line  No.4  =  100%. 
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Figure  17:  X-ray  diffraction  pattern  of  BN  thin  films 
deposited  on  AIN  at  275°  C. 

internal  stress,  might  cause  the  observed  peak  broadening. 

The  intensities  of  the  XRD  peaks  of  the  BN  coatings  deposited  at  300°C  were  generally 
weak  as  compared  with  those  of  the  polycrystalline  AIN  substrate,  suggesting  that  the 
coatings  at  this  deposition  temperature  were  not  highly  crystalline. 

3.3.3  BN  targets  -  AI2O3  substrates 

The  apparent  reactivity  of  the  AIN  surface  to  plasma  deposition  products  from  h  —  BN 
targets,  was  not  present  with  AI2O3  substrates.  With  both  room  temperature  and  elevated 
temperature  substrates  (300° C)  the  films  were  essentially  amorphous,  with  only  some  evi¬ 
dence  of  H3BO3  as  a  reaction  product  with  the  low  temperature  substrates.  In  any  case  no 
h  —  BN  or  c  —  BN  could  be  detected.  Films  prepared  with  heated  substrates  also  showed 
no  evidence  of  corrosion.  The  A !■> 0 3  substrates  therefore  yield  results  very  similar  to  those 
obtained  with  Si,  at  least  up  to  300° C. 

3.3.4  Boron  targets  -  AIN  substrates 

When  polycrystalline  boron  targets  were  used,  the  resultant  films  were  crystalline  with  both 
the  room  temperature  and  elevated  temperature  substrates.  Several  diffraction  lines  of 


hexagonal  boron  nitride  are  present.  The  X-ray  diffraction  lines  for  the  room  temperature 
films  are  essentially  identical  to  those  obtained  with  h  —  BN  targets  on  AIN  (see  section 
3.3.2).  The  films  ( B  target  on  AIN)  at  elevated  temperatures  show  several  more  diffraction 
peaks.  The  exact  identification  still  needs  further  work. 

3.3.5  BN  targets  -  Nickel  substrates 

Well-crystallized  cubic  boron  nitride  films  have  been  prepared  on  polycrystalline  Ni  sub¬ 
strates  using  a  hot  filament  assisted  RF  plasma  chemical  vapor  deposition  (CVD)  method 
by  F.  Zhang  et  al  [60].  Ni  is  one  of  the  few  materials  that  has  a  close  lattice  parameter 
match  with  c  —  BN  (a  =  3.52  A  for  Ni  and  a  =  3.612  A  for  c  —  BN).  Furthermore,  Ni 
is  an  effective  solvent  -  catalyst  metal  for  diamond  crystallization  under  HPHT  conditions. 
Based  on  the  similarity  of  c  —  BN  and  diamond,  it  is  reasonable  to  suppose  that  the  c  —  BN 
phase  may  be  successfully  nucleated  on  metal  Ni  substrates  while  hexagonal  BN  ( h  —  BN) 
and  wurzite  BN  are  effectively  suppressed. 

We  have  initiated  research  on  the  thin  film  deposition  of  BN  onto  Ni  substrates  at  a 
substrate  temperature  of  275°C  using  RF  magnetron  sputtering  and  polycrystalline  h  —  BN 
targets.  The  substrates  were  carefully  cleaned  with  acetone  and  deionized  water  prior  to 
deposition.  Films  were  deposited  in  an  nitrogen  gas  environment  with  100  W  ac  power  at  a 
frequency  of  13.56  MHz. 

The  use  of  a  metallic  substrate,  specifically  nickel  (isostructural  with  c  —  BN)  and  an 
h  —  BN  target,  has  yielded  very  smooth  films  which  could  be  identified  as  cubic  boron  nitride. 
The  evidence  comes  from  the  persistent  occurrence  of  the  100%  peak  of  c  —  BN  together 
with  the  (high  intensity)  peaks  of  nickel  in  the  X-ray  diffraction  pattern  of  the  film  -  on  - 
substrate  samples,  see  Fig.  18. 

There  is  no  indication  of  crystalline  h  —  BN  nor  of  any  other  phases.  We  also  could  not 
find  any  oxidation  predicts  on  the  film  surfaces  even  after  three  months  of  exposure  to  humid 
laboratory  air. 

Careful  (EDX)  analysis  of  the  films  revealed  only  boron  and  nitrogen.  Nickel  could  not 
be  detected,  testifying  to  relatively  thick  c  —  BN  films.  SEM  microscopy  of  the  smooth  and 
transparent  films  revealed  a  medium  grain  size  of  2  /i m. 

The  possibility  of  generating  stable  c  —  BN  films  by  PVD  techniques  at  tem¬ 
peratures  as  low  as  275°C,  is  felt  to  be  a  very  significant  development. 
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Figure  18:  Partial  X-ray  diffraction  pattern 

of  c  —  BN  thin  films  deposited  on  Ni  at  275° C. 
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4  Deposition  of  Si  —  Al  —  0  —  N  Films 

4.1  General 

The  four  component  Si  —  Al  —  0  —  N  system  can  be  represented  in  tetrahedral  form,  as  in 
Fig.  19.  Each  of  the  vertices  can  be  thought  of  as  representing  one  atom  of  the  respective 
elements.  A  variety  of  materials,  including  some  widely  used  high  technology  oxides  and 
nitrides,  such  as  AI2O3 ,  AIN  and  SisN4,  are  members  of  this  system. 

Sialon,  as  a  subset  of  Si—Al—O—N,  can  be  produced  by  reacting  appropriate  mixtures  of 
Si3N4,  AIN,  AI2O3,  SiOi,  and  Si2N20  by  pseudoisostatic  hot  pressing  in  graphite  dies.  The 
composition  ranges  of  /?/,  X  and  0  phase  sialons,  (Fig.  20),  extend  in  directions  in  which 
silicon  and  nitrogen  are  increasingly  replaced  by  aluminum  and  oxygen  [61].  Five  ordered 
polytype  phases  also  exist,  each  with  their  own  solid  solution  range.  They  are  structurally 
very  similar,  based  on  the  wurtzite  structure  of  the  parent  AIN.  They  are  known  by  their 
Ramsdell  symbols  as  15R,  21R,  127R,  12H  and  10H  [61]. 

The  sialon  family  of  materials  represents  relatively  wide  compositional,  structural  and 
property  variability  and  provides  an  excellent  opportunity  to  implement  various  mechanical 
and  electrical  system  requirements. 

The  ^/-sialon  phase  has  the  same  crystal  structure  as  /?  —  SisN4  with  a  hexagonal  unit 
cell  containing  MeXs ■  It  is  generally  processed  by  hot  pressing  (1750°C)  and  annealing 
(1250°C),  a  mixture  of  /?  —  SisN4,  AIN ,  AI2O3  and  Y2O3,  in  which  the  latter  acts  as  an 
sintering  additive  [62].  In  the  pseudo  quarternary  SizN4  —  AIN  —  AI2O3  —  Si02,  fit  —  sialon 
extends  from  the  SizN4  corner  to  the  AIN  composition  on  the  AI2O3  —  AIN  “join”  for  about 
60%  of  the  distance.  It  has  been  found  that,  in  reacting  SizN4  with  AI2O3,  N3+  in  .S' 13 Ah  is 
replaced  by  02~  while  at  the  same  time  Si4+  is  replaced  by  A/3+,  widening  the  exploration 
of  the  reversible  replacement  [62] 


Si4+N3~^Al3+02~. 


Thus  fit  —  sialon  is  expressed  by  Sie-zAlzOzNs-z  for  which  z  represents  the  number  of  Si4+ 
that  have  been  being  replaced  by  Al3+.  It  has  a  maximum  value  of  4  [62]. 

Measurements  on  compositions  containing  roughly  equal  concentrations  of  silicon  and 
aluminum,  SisAhOsNs  with  z— 3,  show  that  the  physical  and  mechanical  properties  are 
similar  to  those  of  /?  —  .S^Ah  [62].  Although  its  thermal  conductivity  is  lower,  it  has  good 
thermal  shock  properties.  The  coefficient  of  thermal  expansion  (CTE)  (3.1  x  10 ~6/K)  [63]  is 
less  than  that  of  /?  —  SisN4  (3.5  x  10 ~e/K)  [63],  and  SisAlzOzNs  has  a  better  compatibility 
with  silicon  for  which  the  CTE  is  2.6  x  10-6/K  [64].  Another  advantage  is  that  /?/  —  sialon 
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Figure  21:  Chemical  stability  of  -  sialon  compared  with  -  S i 3 N 4 
(oxidation  in  flowing  dry  air  at  1400°  C  [62]. 

is  much  more  stable  than  /3  —  Si^N^  i.e.  its  oxidation  resistance  is  better  than  that  of  silicon 
nitride  [62],  see  Fig.  21. 

Hot-sintered  /?/  —  sialon  displays  a  relative  dielectric  constant  of  8-10  [63],  and  a  dissi¬ 
pation  factor  of  0.002  [63].  It  has  been  reported  that  an  increase  in  the  Al3+  concentration 
leads  to  a  higher  value  of  the  dielectric  constant  [65].  The  introduction  of  small  amounts 
of  titanium  to  sialon  precursor  chemistry  has  yielded  bulk  type  sialon  with  d  —  8.5  —  10, 
and  tanS  =  6  x  10-4  [65].  Relevant  properties  of  /?/  —  sialon  are  compared  to  some  other 
materials  in  Table  3. 

Research  on  fit  —  sialon  has  focused  on  synthesis  and  mechanical  property  evaluation. 
Detailed  information  can  be  obtained  from  the  review  by  K.H.  Jack  [62].  Dielectric  properties 
have  been  reported  in  relatively  few  papers  [65,66],  emphasizing  only  bulk  sialons.  The  thin 
film  deposition  of  sialon  has  been  reported  in  one  paper  only  [67].  It  deals  with  the  RF 
magnetron  sputtering  technique  using  fit  —  sialon  targets.  The  films  were  described  as 
offering  good  oxidation  and  H2SO4  resistance.  The  primary  objective  of  the  study  was  the 
generation  of  oxidation  resistant  coatings. 


TABLE  3 


Type 


Electrical 

and 

Dielectric 

Properties 


Thermal 

Properties 


Mechanical 

Properties 


Property 


dielectric 

constant 

d 


loss  factor 
tanS 
(xlO-3) 


breakdown 
strength 
(x  10s  VI  cm) 


resistivity 

(Cl.cm) 


thermal 
conductivity 
0 W/mK ) 


coefficient 
of  thermal 
expansion 
(x  10-6//O 


thermal 

shock 

resistance 


density 

(g/cm3) 


’  tensile 

strength 

(MPa) 


compressive 

strength 

(MPa) 


good 


Sialon 


8-10 


excellent  excellent 


4.2  Experimental  details  and  results 

In  sialon  film  deposition,  we  have  used  sintered  polycrystalline  targets  and  argon  and  nitrogen 
as  carrier  gasses.  The  sialon  targets,  one  inch  in  diameter  and  0.119  inch  thick,  were  vendor 
purchased.  Their  X-ray  diffraction  patterns  were  virtually  identical  to  that  of  Si3N4.  Some 
of  the  diffraction  peaks  were  slightly  shifted,  indicating  an  actual  composition  close  to  Si3N4 , 
the  end  member  of  the  wide  compositional  range  in  the  Si  —  Al  —  0  —  N  quarternary  which 
covers  the  /?’  sialon  phase.  Sialon  films  have  been  deposited  on  AIN  (ground  and  polished) 
MgO  (ground  surfaces  only)  and  silicon  (polished,  etched  and  ground  )  substrates.  All 
depositions  were  made  on  not  intentionally  heated  substrates. 

As  was  reported  for  the  AIN  and  BN  films  (section  2  and  3),  the  surface  character  of 
the  as-deposited  films  is  primarily  determined  by  the  nature  of  the  substrate  surfaces.  The 
highly  polished  substrates  produced  very  smooth  Si  —  Al  —  0  —  N  films,  often  “improved” 
over  the  underlying  surface.  The  rougher  substrate  surfaces  yield  randomly  scattering  film 
surfaces  which  can,  relatively  speaking,  be  considered  “  rough”. 

The  Si  —  Al  —  O  —  N  films  show  a  “columnar”  growth  morphology  (“columns”  perpen¬ 
dicular  to  the  substrate  surface)  which  leads  to  very  dense  films  on  the  lapped  substrates. 
The  rougher,  ground,  surfaces  tend  to  produce  lower  density  films. 

Elemental  analysis  of  the  target  material  and  the  deposited  films  was  carried  out  with 
energy  dispersive  X-ray  (EDX)  techniques,  which  could  detect  silicon,  aluminum  and  nitro¬ 
gen.  Chemical  composition  of  the  amorphous  films  is  essentially  independent  of  the  type  of 
substrate.  Table  4  gives  an  overview  of  the  results.  It  will  be  noted  that  film  composition 
is  not  the  same  as  target  composition  and  depends  much  on  the  chemical  make-up  of  the 
plasma  growth  environment.  It  was  also  discovered  that  the  as-deposited  films  undergo  a 
stabilizing  oxidation  process  when  exposed  to  laboratory  air.  This  is  particularly  noticeable 
in  films  grown  in  a  100%  argon  environment.  The  effect  is  less  when  a  100%  nitrogen  plasma 
is  used.  The  stabilized  films  yield  enhanced  properties  for  the  dielectric  constant,  loss  tan¬ 
gent  and  breakdown  strength  of  the  films,  see  also  [68].  The  Si  —  Al  —  O  —  N  thin  films 
were  deposited  by  an  RF  magnetron  sputtering  system,  using  a  target  disk  of  hot-sintered 
polycrystalline  fit  -  sialon  with  a  diameter  of  2.54  cm.  Silicon  (100)  wafers  were  used  as 
substrates.  The  distance  between  the  targets  and  substrates  was  8  cm.  A  quartz  crystal 
mounted  at  the  same  angle  as  the  substrate  and  at  the  same  distance  from  the  target  source, 
acted  as  a  film  thickness  monitor. 

The  substrates  were  carefully  cleaned  with  acetone  and  deionized  water  prior  to  deposi¬ 
tion.  Films  were  deposited  in  an  argon  or  nitrogen  gas  environment  with  100  W  ac  power 
at  a  frequency  of  13.56  MHz.  The  substrate  temperatures  reached  about  50°C.  No  external 


TABLE  4 


Elemental  Distribution  in  Sialon  Target  Material 
and  in  the  Deposited  Films 


SAMPLE 

CONCENTRATION 
(Atomic  %) 

REMARKS 

Si 

A1 

0 

N 

Sialon 

target  material 

28 

2 

10 

60 

as  received 

Film 

(initial) 

19 

1 

49 

31 

deposited  in  100%  argon 

Film 

(aged) 

20 

1 

64 

15 

Film 

(initial) 

22 

2 

D 

■ 

deposited  in  100%  nitrogen 

Film 

(aged) 

21 

n 

D 

heating  was  applied  to  the  substrate. 

The  microstructures  of  the  deposited  films  were  examined  by  scanning  electron  mi¬ 
croscopy  (SEM).  Crystallinity  and  chemical  analysis  were  conducted  with  X-ray  diffractom- 
etry  and  energy-dispersive  X-ray  spectroscopy  (EDS)  respectively.  An  in-house  developed 
Digital  Enhanced  Scatterometer  (DES)  and  a  profilometer  were  used  for  surface  characteri¬ 
zation  [1],  Dielectric  constants  and  loss  factors  were  measured  with  an  LCR  meter.  Electrical 
resistivity  was  measured  with  a  set-up  designed  for  TV  characterization  consisting  of  a  com¬ 
puter  controlled  system  including  a  voltage/current  source,  two  multimeters  and  a  1000  Cl, 
10  Watt  resistor. 


4.3  Surface  analysis 

Three  types  of  silicon  (100)  wafers  were  used  as  substrates  [1].  Fig.  22  shows  an  SEM 
micrograph  of  a  typical  superpolished  Si  wafer  surface.  Bumps  with  vertical  dimensions  of 
several  nanometer  are  distributed  randomly  over  the  entire  surface.  Fig.  23  shows  a  surface 
of  an  etched  silicon  substrate  with  a  roughness  of  about  2900  A.  A  third  substrate  type, 
3450  A,  was  mechanically  polished,  see  Fig.  24.  The  thin  films  were  deposited  on  these 
three  different  types  of  silicon  substrates  under  identical  conditions,  at  a  pressure  about 


Figure  22:  SEM  micrograph  of  a  superpolished  silicon  substrate 


Figure  23:  SEM  micrograph  of  an  etched  silicon  substrate  surface 


Figure  24:  SEM  micrograph  of  a  ground  silicon  substrate  surface. 


1.7  x  10-2  and  100  W  forward  power.  Fig.  25  is  an  SEM  micrograph  of  a  thin  film  on  a 
superpolished  silicon  substrate.  The  film  surface  looks  very  smooth  and  uniform,  although 
somewhat  rougher  than  the  original  substrate  surface.  Small  wavelets  resulting  from  the 
film’s  columnar  growth,  can  be  detected.  Fig.  26  shows  the  top  surface  and  cross-section  of 
a  film  deposited  on  an  etched  silicon  surface.  The  film  surface  character  is  comparable  to  that 
of  the  substrate.  On  the  ground  silicon  substrates,  as-deposited  films  grow  as  “big  tooth” 
structures,  as  seen  in  Fig.  27.  The  roughness  of  the  as-deposited  films  on  superpolished, 
etched  and  ground  silicon  substrates  were  50  A,  3800  A,  and  3250  A  respectively,  see  Table 
5.  As  reported  for  AIN  and  BN  film,  on  its  surface,  appears  to  “mimmick”  or  “copy”  the 
character  of  the  substrate  surface,  displaying  a  roughness  that  is  not  much  different  from 
that  of  the  substrate  itself. 

The  film  structure  is  affected  not  only  by  the  substrate  roughness  but  also  by  the  mi¬ 
crostructure  of  the  substrate.  This  conclusion  has  been  supported  by  our  optical  scattering 
measurements.  The  power  spectral  density  (PSD)  of  the  as-deposited  film  surfaces  relative 
to  the  spatial  frequency  are  shown  in  Fig.  28. 

The  PSD  curve  of  the  Si  —  Al  —  O  —  N  film  is  virtually  identical  to  that  for  the  superpol¬ 
ished  silicon  substrate  surface.  Whether  film  surfaces  are  rougher  than  that  of  the  substrate 
surface  can  be  deduced  easily  by  integration  of  the  area  under  each  of  the  PSD  curves,  which 


Fiqure  25:  SEM  micrograph  of  a  Si  —  Al  —  0  —  N  film  on  a  superpolished 
silicon  substrate  (substrate  not  visible). 


Figure  26:  SEM  micrograph  of  a  Si  —  Al  —  0  —  N  film 
on  an  etched  silicon  substrate. 
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Figure  27:  SEM  micrograph  of  a  Si  —  Al  —  0  —  N  film 
on  a  ground  silicon  substrate. 

Table  5 


Surface  Roughness  of  Substrates 
and  Films  Deposited  on  those  Substrates 


Sample  Type 

Arithmetic  Average 
Roughness 

Ra(A) 

Total  Indicated 
Runout 

TIR(A) 

Si  substrate 
superpolished 

50 

350 

Si  -  Al  -  0  -  N  film 

50 

500 

Si  substrate 
etched 

2,900 

21,300 

Si  -  Al  -  0  -  N  film 

3,800 

20,750 

Si  substrate 
ground 

3,450 

21,500 

Si- Al-O-N  film 

3,250 

19,500 
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Scattering  Frequency  ( lines-fim  ) 
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Figure  28:  PSD  vs.  scattering  frequency  for  a  Si  —  Al  —  O  —  N  film  on 
polished,  (top),  etched  and  ground  (bottom)  silicon  substrates. 


# 


# 


yields  the  RMS  roughness  value.  On  ground  silicon  surfaces,  the  film  and  the  substrate  reveal 
similar  surface  character  throughout  the  entire  frequency  range,  while  the  films  deposited 
on  etched  silicon,  indicate  a  considerable  difference  in  character  as  compared  to  that  of  their 
substrates.  The  original  etched  substrate  surfaces  show  higher  reflectance  near  the  specular 
direction,  and  less  (light)scattering  out  of  the  reflection  direction  compared  to  that  of  their 
films.  The  as-deposited  films  on  ground  substrates  and  the  substrates  themselves  are  typical 
of  randomly  scattering  surfaces  and  can  be  considered  “rough”. 

Differences  in  film  thickness  were  detected  on  the  three  types  of  silicon  substrates,  in 
spite  of  identical  deposition  conditions.  The  films  on  the  superpolished  substrates  had  a 
thickness  of  about  4  fim  while  the  films  on  the  etched  and  ground  surfaces  were  5.5  fim  and 
6  fim  thick  respectively.  Reasons  for  this  may  be  that  the  films  formed  on  the  superpolished 
substrates  were  of  higher  density,  or  that  the  sputtered  particles  are  more  easily  re-evaporated 
(dislodged)  after  initial  adsorption  due  to  surface  smoothness  [69]. 

4.4  Dielectric  characterization 

Capacitor  structures  were  formed  by  depositing  Si  —  Al  —  0  —  N  films  in  100%  Ar  gas 
onto  Al  base-electrodes.  X-ray  diffraction  analysis  of  as-deposited  films  revealed  a  uniform 
and  homogeneous  amorphous  structure.  The  thicknesses  of  the  dielectric  layers  ranged  form 
1-2/xm,  depending  on  deposition  time.  Five  samples  were  tested  for  each  film  type.  The 
resistivities  of  the  films  deposited  in  100%  Ar  ranged  from  4.14  x  108  Ocm  to  6.18  x  109 
Ocm.  The  average  for  all  samples  was  4.78  x  109  Ocm.  The  dielectric  constants  of  as- 
deposited  films  ranged  from  3.4  to  2.9,  and  the  loss  factor  increased  from  0.003  to  0.012  as 
the  frequency  increased  from  10  kHz  to  1  MHz,  as  shown  in  Fig.27. 

Thin  films  deposited  in  100%iV2  revealed  a  higher  nitrogen  content.  The  resistivities  of 
these  films  ranged  from  7.00  x  109  Ocm  to  3.42  x  1010  Ocm.  The  average  for  all  samples 
was  1.91  x  1010  Ocm.  The  dielectric  properties  of  these  films  showed  a  trend  similar  to 
those  deposited  in  100%  Ar.  The  dielectric  constants  decreased  from  4.7  to  3.9  and  loss 
factors  increased  form  0.0006  to  0.012  as  the  frequency  increased  form  10kHz  to  1MHz, 
see  Fig.  29.  A  comparison  of  the  values  for  resistivity,  dielectric  constant,  loss  factor  and 
elemental  concentration  of  the  as-deposited  films  is  shown  in  Table  6.  The  increase  in 
dielectric  constant  with  decrease  of  frequency  may  be  attributed  to  interfacial  polarization 
in  this  frequency  region.  The  reduction  of  the  dielectric  constant  of  the  films,  compared  to 
that  of  the  original  /?/-sialon  target,  can  be  explained  by  an  increase  in  oxygen  vacancies 
and  the  amorphous  structure  of  the  films.  The  sharp  rise  in  the  loss  factor  from  100kHz  to 
1MHz  is  due  to  the  polarization  of  the  bipoles  in  the  deposited  materials  which,  apparently, 
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Loss  Factor  (xlO  ‘3 )  Dielectric  Constant 


Figure  29:  Dielectric  constant  and  loss  factor  vs.  frequency  of  as-deposited 
amorphous  Si  —  Al  —  0  —  N  films,  grown  in  different  environments. 


Table  6 


Comparison  of  Dielectric  Properties 
of  As-Deposited  Si  —  Al  —  0  —  N  Films 


Material  Type 

Resistivity 

(Qcm) 

Dielectric 

Constant 

(1MHz) 

Loss 

Factor 

(1MHz) 

Si-Al-O-N 

Films 
in  100%Ar 

4.78  x  109 

2.90 

0.011 

Si-Al-O-N 

Films 
in  100%N2 

1.91  x  1010 

3.70 

0.012 

fif  —  sialon 

Solid  Targets 

2.50  x  1011 

10.01 

0.0001 

cannot  follow  the  changes  at  these  higher  frequencies. 

The  as-deposited  films  with  higher  nitrogen  concentrations  exhibited  higher  dielectric 
constants,  lower  loss  factors  and  higher  electrical  resistivity  values.  An  increase  in  Al  ion 
content  in  the  films  lead  to  similar  results,  as  was  also  found  to  be  the  case  with  bulk 
poly  crystalline  /?/-sialon  [72], 


5  Summary  and  Conclusions 


The  primary  goal  under  the  contract,  that  of  providing  a  vapor  deposition  facility  for  the 
deposition  of  thin  films  for  structural  and  electronic  applications,  preferably  at  low  cost,  has 
been  reached. 

It  has  been  possible  to  extend  our  work  into  the  generation  and  evaluation  of  films  in  the 
systems  AIN,  ( Al ,  B)N,  c-  BN  and  Sialon.  We  have  shown  that  such  films  and  film  struc¬ 
tures  (devices)  can  potentially  be  used  as:  high  thermal  conductivity  substrates  and  in  device 
coating  applications  (AIN)]  for  high  and  low  power  capacitor  storage  devices  (sialon)]  in  sys¬ 
tems  with  broad  “property  engineering  capabilities”  (Al,  B)N]  as  wide  bandgap  materials 
for  e.g.  high  efficiency  electron  emission  surfaces  (cold  cathodes);  as  high  wear  resistant  and 
high-strength  materials;  when  doped,  as  discrete  and  integrated  passive  and  active  devices. 

Specific  results  for  the  three  materials  systems  are  briefly  summarized  below: 

•  Thin  films  of  AIN,  (Al,  B)N  and  Si  —  Al  —  O  —  N,  both  amorphous  and  crystalline, 
have  been  successfully  deposited  by  physical  vapor  deposition  (PVD)  techniques. 

•  Dense  and  transparent  amorphous  films  of  AIN  could  be  deposited  from  AIN  targets 
onto  room  temperature  substrates. 

•  Transparent  crystalline  films  of  AIN  were  generated  at  substrate  temperatures  as  low  as 
250°C. 

•  The  use  of  BN  targets  resulted  in  only  amorphous  (Al,  B)N  films,  under  all  conditions, 
and  on  all  substrates  other  than  on  AIN. 

•  PVD  from  BN  or  boron  targets  onto  heated  (250°C  up)  AIN  substrates  yields  crys¬ 
talline  films  of  a  complex  chemistry  and  structure  which,  in  both  cases,  have  not  yet 
been  determined  . 

•  The  amorphous  (Al,B)N  films  deposited  onto  room  temperature  substrates  readily 
reacted  with  laboratory  air  to  form  a  dense  layer  of  morphologically  very  well  developed 
H3BO3  crystallites. 


The  surface  character  of  the  as-deposited  films  tends  to  conform  to  that  of  the  sub¬ 
strate.  Films  deposited  onto  highly  polished  surfaces  often  have  RMS  roughness  and 
surface  wavelength  values  that  rival  those  of  the  underlying  substrates. 

PVD  deposition  using  boron  targets  onto  nickel  substrates  heated  to  275° C  or  above 
have  yielded  polycrystalline  c-BN  films.  Possible  surface  reaction  products  have  not 
been  observed,  even  after  several  months  of  exposure  to  laboratory  air. 
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6  Appendix 

VAPOR  DEPOSITION  EQUIPMENT  AND 
THIN  FILM  PROCESSING 

FINAL  PROGRESS  REPORT 


August  1996 
DAAH04-93-G-0492 

6.1  Statement  of  the  problem  studied 

Provision  of  vapor  deposition  equipment  towards  the  realization  of  thin  films  and  multiple 
thin  film  structures  of  various  types  and  chemistries,  for  a  variety  of  electronic  and  structual 
materials  applications. 

Specific  systems  for  which  films  and  structures  have  been  realized  and  evaluated  here 
included:  AIN;  ( Al,B)N ;  BN;  c  —  BN;  and  Sialon. 

6.2  Summary  of  the  most  important  results 

See  also  the  Conclusion  section  of  this  report,  starting  on  page  41. 

1.  First  time  realization  of  sialon  films  and  structures  (devices)  for  capacitor  storage  and 
other  electronic  applications. 

2.  Synthesis  of  crystalline  AIN  and  (A/,  B)N  thin  films  at  low  (250  °C)  substrate  tem¬ 
peratures  for  electronic  substrate  and  multichip  module  coatings 

3.  The  development  of  a  process  for  the  growth  of  cubic  BN  ( c—BN )  films  at  low  (250°C) 
substrate  temperatures  which  are  fully  stable  at  ambient  laboratory  conditions. 
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ARO  sponsorship. 
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